We report on the result of an X-ray observation of the X-ray Nova Velorum 1993 (GRS 1009-45), made with ASCA on 1993 November 10-11. The energy spectrum was extremely soft and accompanied by a hard tail, characteristics of the Galactic black-hole binaries in the soft state. It is well represented by a two-component model consisting of a multicolor disk model or a general relativistic accretion disk model, both describing emission from an optically thick accretion disk, and a power-law component with a photon index of ~ 2.5. A spectral analysis of the soft component allows an estimation of the mass of the central object. For the optically-estimated distance (> 1 kpc) and inclination (> 37°), the mass is estimated to be > 3.1 M®. These results strongly support that the compact object is a black hole.
Introduction
There is strong evidence for the existence of many galactic X-ray binaries that contain a black hole (hereafter referred to as black-hole X-ray binaries) (Tanaka, Lewin 1995; Tanaka, Shibazaki 1996) . For at least ten X-ray binaries, including two in the Large Magellanic Cloud, the dynamical mass (or mass lower limit) of the compact object determined from the optically measured mass function exceeds 3A^g, which is a secure upper limit of the mass of a neutron star (e.g., Kalogera, Baym 1996) . Except for three persistent sources (Cyg X-l, LMC X-l, and LMC X-3), all others have been discovered as transient sources (e.g., Tanaka, Shibazaki 1996) .
These black-hole binaries, both transient and persistent ones, exhibit characteristic X-ray properties. In particular, they are usually found in either of the two representative spectral states, called the soft state and the hard state. The spectrum in the soft state, typical at high X-ray luminosities, is very soft and accompanied by a hard tail. This soft emission component is significantly softer (hence, sometimes called ultrasoft; White, Marshall 1984) than that of the low-mass X-ray binaries, containing a neutron star, at similar luminosities. The lack of a blackbody component from the neutron-star surface and the absence of X-ray bursts also argue for sources with this distinct spectral shape being black-hole binaries. For more detailed discussions, see e.g., Tanaka (1997) .
The soft-component spectrum can be roughly approximated by a blackbody of temperature < 1 keV, but much better (e.g., Makishima et al. 1986 ) by a family of spectral models (e.g., Mitsuda et al. 1984) which describe, to varying degrees of approximation, optically-thick emission from standard accretion disks (Shakura, Sunyaev 1973) . Therefore, the soft component is thought to be thermal emission from an optically-thick accretion disk around a black hole. The disk is thought to extend to or near a radius of 3i?s, which is the last stable orbit around a non-rotating black hole, where Rg = 2GMx/c 2 is the Schwarzschild radius, Mx the compact-object mass, G the gravitational constant, and c the light speed. When the source distance is known, we can estimate Mx by equating the innermost disk radius derived from the observed X-ray spectrum to 3/?s. This method has been successfully applied to several black-hole binaries, and the obtained mass estimates generally agree with those derived from the binary kinematics (e.g.j Ebisawa 1991; Ebisawa et al. 1993; Dotani et al. 1997; Cui et al. 1998) when the optical mass function is available. We can thus recognize a black-hole binary based on the X-ray spectrum alone (e.g., Makishima et al. 1986 ).
There are several more X-ray transients that are suspected to be black-hole binaries based on their X-ray spectral characteristics (Tanaka, Shibazaki 1996) . GRS 1009-45 is one of them. A transient X-ray outburst Astronomical Society of Japan • Provided by the NASA Astrophysics Data System Downloaded from https://academic.oup.com/pasj/article-abstract/50/6/667/2949124/Evidence-for-a-Black-Hole-in-the-X-Ray-Transient by guest on 16 September 2017 of GRS 1009-45 was first discovered on 1993 September 12, with the GRANAT/WATCH All Sky Monitor (8-60 keV) (Lapshov et al. 1993 ) and confirmed with the CGRO/BATSE . The source was not detectable on September 11, but its intensity rapidly increased on September 12-13 to a maximum of 0.7 Crab in the 8-20 keV range (Lapshov et al. 1993) .
The outburst was then monitored with the Mir-Kvant observatory from 1993 September through November (Syunyaev et al. 1994) . These observations revealed an intense soft spectrum with a variable hard tail (Kaniovskii et al. 1993; Syunyaev et al. 1994) . The softcomponent temperature was in the range 0.6-0.4 keV in the blackbody approximation, and decreased as the source flux diminished (Syunyaev et al. 1994) . The variable hard component, expressed by a power-law with a photon index of ~ 2.5 in the range 10-100 keV (Syunyaev et al. 1994) , further extends to at least 500 keV with a similar slope of T = 2.4-2.6 (Kroeger et al. 1993; Harmon et al. 1994) . These spectral properties of GRS 1009-45 are characteristic of the soft state of the dynamically established black hole sources at high luminosities (e.g., Tanaka, Lewin 1995; Tanaka, Shibazaki 1996 , and references therein). Added to those, on 1994 January 11-12, about 100 days after the outburst, Goldoni et al. (1998) observed GRS 1009-45 with the SIGMA, and reported that the source was still bright (about 60 mCrab in the range of 40-150 keV). The SIGMA spectrum was fitted with F ~ 1.9 in this range, implying spectral hardening. These hard and soft X-ray characteristics strongly suggest that this transient contains a black hole. In this respect, GRS 1009-45 can be considered to be a blackhole candidate, and warrants further investigation. An ASCA observation on 1993 November 10 (Tanaka 1993) localized the source position to an accuracy of ~ 2'. Subsequently, Delia Valle and Benetti (1993) discovered an optical counterpart that was a late-G/early-K star with V=14.7 mag (19 mag in B before the outburst) (see also Shahbaz et al. 1996; Delia Valle et al. 1997) . Shahbaz et al. (1996) found an orbital, ellipsoidal modulation of the optical light curve with a period of 6.86 ± 0.12 hr. They also estimated the binary inclination to be 37°-80°, and most probably to be 44°; the upper limit of i < 80° is provided by the lack of X-ray eclipses. No mass function is yet available. Delia Valle et al. (1997) estimated the source distance to be at least 1 kpc, and probably between 1.5 and 4.5 kpc.
In this paper, we present the results obtained from the ASCA observation of GRS 1009-45. A comparison of the result of our spectral analysis with those of the dynamically established black-hole sources strongly supports that GRS 1009-45 contains a black hole.
A. Kubota et al.
Observation and Data Reduction
[Vol. 50, The present observation of GRS 1009-45 was carried out on 1993 November 10 through 11, with ASCA . We searched for a source with three successive pointings within the BATSE error region ). In the first pointing, the source was found to exist near to the edge of the field of view (FOV) of the GIS (Gas Imaging Spectrometer; Ohashi et al. 1996; Makishima et al. 1996) . In the second pointing, it was outside of the GIS FOV. In the third pointing, based on the approximate source coordinates obtained from the first pointing, we placed the source near to the center of the FOV, and determined the source position (Tanaka 1993) .
In the present paper, we analyze the data from the third pointing, with a net exposure of 18 ks, which consists of 11 ks of high bit-rate data and 7 ks of medium bit-rate data. This observation was made with the GIS in the standard pulse-height mode and the SIS (Solid-state Imaging Spectrometer; Burke et al. 1994; Yamashita et al. 1997) in the 1-CCD bright mode. However, due to the high flux of the source, the SIS data suffered severe telemetry saturation as well as significant pile-up near the image center. We therefore concentrate on an analysis of the GIS data here.
The GIS events were extracted from a circular region of 6' radius centered on the image peak, after selecting good time intervals in a standard procedure. The deadtime fraction of the high bit-rate data was quite large, 72.1% for GIS 2 and 72.5% for GIS 3, as determined in reference to the count-rate monitor data with little dead time, using the method described in Makishima et al. (1996) . For the medium bit-rate data, however, we could not determine the dead time accurately because even the monitor sealers suffered significant overflow. We therefore use only the high bit-rate data for the analysis.
The deadtime-corrected average count rate for each GIS detector was 354 s^1 in the range 0.7-10 keV. The energy flux in this range was ~ 2.4 x 10~8erg cnT^s" 1 . The flux density at 5 keV, ~ 1.7 x 10~1 0 erg cm~2s~1keV~1, is in agreement with that observed with Mir-Kvant on 11 November (Syunyaev et al. 1994) . We show the GIS (GIS 2 + GIS 3) light curve of GRS 1009-45 in figure 1, using only the high bitrate data. It refers to one of the GIS monitor data, the so-called LI counts (Ohashi et al. 1996) , instead of the main data, which suffer from a large dead time. The LI counts represent the number of events of which the pulse height and rise time both fall within the nominal acceptance window of the respective quantities. Thus, GRS 1009-45 was rather stable during the observation. There is no short-term (1-100 s) intensity variation beyond the Poisson noise, with a typical upper limit of 2%. However, there is some evidence of an intensity Astronomical Society of Japan • Provided by the NASA Astrophysics Data System 
Data Analysis and Results
We constructed the energy spectra from the two GIS detectors (GIS 2 and GIS 3) using the high bit-rate data, correcting for the instrument dead time. The background flux was entirely negligible over the whole range of 0.7-10 keV used in the analysis. We present the raw spectrum (GIS 2 + GIS 3) in figure 2a, and its ratio to the best-fit model spectrum of the Crab Nebula (observed with the same instruments) in figure 2b. Compared to the Crab Nebula spectrum (a single power law with a photon index of ~ 2), the spectrum of GRS 1009-45 is indeed very soft, as known from the Mir-Kvant observations (Syunyaev et al. 1994) . Also, the presence of a hard component is evident in figure 2b above ~ 5 keV.
We fit the GIS 2 spectrum and the GIS 3 spectrum jointly with a common spectral model, because they are nearly identical within the errors. We include a systematic error of 2% to each energy bin of the spectrum in order to take into account the GIS calibration uncertainties. To express the spectrum we employ the following two-component models, each consisting of a soft component and a hard component. The hard component is modeled with a power-law with free normalization and free photon index F.
According to the standard modeling of soft-state spectra of black-hole binaries (e.g., Tanaka, Shibazaki 1996), we tried two models for the soft component, the multicolor disk model (MCD model; Mitsuda et al. 1984; Makishima et al. 1986 ) and the general relativistic accretion disk model (GRAD model; Hanawa 1989; Ebisawa et al. 1991) . These models describe optically-thick emis- sion from a standard accretion disk (Shakura, Sunyaev 1973) , wherein the effective local temperature at radius r is given, in non-relativistic approximation, as
(1)
Here, Mx is again the compact-object mass, M is the mass accretion rate, G is again the constant of gravity, a is the Stefan-Boltzmann constant, R\ n is the radius of the inner boundary of the accretion disk, and /? is a constant between 0 and 1 which describes the inner boundary condition. The MCD model utilizes this simple analytic formula with j3 = 0, while the GRAD model Best-fit parameters of the smeared edge model. These values are fixed when determining 90% error limit. "In unit of photons s~1cm~2keV~1 at 1 keV.
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takes relativistic effects fully into account with a more reallistic boundary condition corresponding to ft = 1. The MCD and GRAD models, both with a power-law hard component, have given acceptable fits to the GIS spectra, with x 2 /^ = 200.1/230 and x 2 /^ = 163.1/230, respectively. The best-fit parameters with the MCD model are listed in table 1. In these fits, however, the best-fit power-law photon index turned out to be F ~ 3.6, which is much larger (steeper) than the values of ~ 2.5 observed with CGRO earlier and with Mir-Kvant observatory around the time of the present observation (section 1).
By a close look at the observed spectrum, we notice a structure at around 7 keV which was once fitted with the iron K-line (s) from a relativistic accretion disk (Tanaka 1994 ). This fit also requires an equally steep underlying power-law, inconsistent with the results of the highenergy observations. An alternative interpretation of the structure is the presence of the iron K-absorption edge at 7.1 keV. In order to examine this effect, we tentatively limited the fitting range to 2.3-6.5 keV to avoid this structure and also to increase the sensitivity to the power-law component by raising the lower energy boundary. This has given acceptable fits (either with the MCD or GRAD soft component), for a wide range of F, 2.0-3.3 (90% limit), around the best-fit value of 2.6. We therefore fix F to 2.5 to be consistent with the results of the higherenergy observations. In addition, we apply an absorption edge model (smeared edge model; Ebisawa et al. 1994) to the power-law component to reproduce the structure around 7 keV. This modeling of the hard component, in combination with the MCD model or the GRAD model for the soft component, has given successful account of the data, as summarized in table 1. As can be seen there, the soft-component parameters are little affected by the choice of F for the hard component. The best-fit model convolved with the detector response, in which we apply the GRAD model as the soft component, is shown in figure 3 in comparison with the GIS raw spectrum.
Based on the best-fit model, we have deconvolved the observed spectrum for the instrumental response. The result is shown in figure 4 , where the hard component is evident above ~ 5 keV. Note that this result does not depend significantly on the choice between the MCD and GRAD models.
The absorbing column density, JVH = 1. cm~2 from the 21 cm measurement in the direction of GRS 1009-45. However, the iV H value obtained with the GIS is generally subject to a systematic uncertainty of several times 10 20 cm~2. Accordingly, the discrepancy may not be significant, and the observed spectrum may not constrain the distance.
Discussion
The observed spectrum of GRS 1009-45 is very soft and exhibits a hard tail, which is in general agreement with the result of the Mir-Kvant observation performed in the same period of time (Syunyaev et al. 1994) . The shape of the spectrum is characteristic of the established black-hole binaries in the soft state (Tanaka, Shibazaki 1996) , and the soft component has been successfully reproduced using the MCD or GRAD model.
The MCD model includes two parameters to characterize the emission from an optically thick accretion disk, i.e., the color temperature at the inner boundary Tj n , and the apparent inner disk radius r; n for an assumed distance D and inclination angle i. Based on equation (1) for 0 -0, they are connected to the bolometric flux /t, o i as
This ri n can be directly derived from the observed data, and is related to the true inner radius Ri n used in equation (1) as
where re ~ 1.7 -2.0 (e.g., Shimura, Takahara 1995) is the ratio of color temperature to effective temperature, and £ is a correction factor of order unity which may be necessary when we correct the gross MCD formalism [with 0 = 1 in equation (1)] for the inner boundary condition. Using the MCD model, we have obtained T in = 0.488±g;£? 3 keV (table 1) and r in Vcosi = (n.6t°0 7 3 ) ' Di km, where D\ is the distance in unit of kpc. This yields / bo i = (3.8 ± 0.4) x 10" 8 erg s^cm" 2 . Then, assuming re = 1.7 (Shimura, Takahara 1995) , D\>1 (Delia Valle et al. 1997) , i > 37° , and £ = J-• ( -I (see Appendix), we obtain i?; n > 23.5 km.
By equating this R m with 3i?g (assuming a non-spinning black hole), we finally obtain M x > 2.7Ad®.
Although the above results based on the MCD modeling is approximately correct and useful for investigating the various parameter dependences of Mx, we need to take into account the general-relativistic effect, together with an appropriate boundary condition for a more accurate mass estimation. The relativistic effects include relativistic Doppler shift, gravitational redshift (including the light bending), and the change of the energy conversion efficiency, from 1/12 of the rest-mass energy in Newtonian case to 0.057. This is realized in the GRAD model. Instead of the simple relation of equation (2) 
Here, the error takes into account not only the statistical error, but also systematic errors caused by modeling of the hard tail. For an inclination of ~ 37°, the increase in the mass from the Newtonian case is understood as being mostly due to reduction of the energy-conversion efficiency mentioned above, which inversely increases the accretion rate for a given observed luminosity. The characteristic disk temperature, which is fixed by the observation, is proportional to M 1^4 Mx~1 ; hence, the mass should increase by a factor of A/1/12/0.057 ~ 1.2.
Thus, the conclusions from the GRAD model is consistent with that from the MCD model, if correct boundary conditions and conversion efficiency are taken into account. When D and i are varied, the mass estimate based on the GRAD model increases, as illustrated in figure 5 .
If the compact object is rapidly spinning prograde to the rotation of the accretion disk, the last stable orbit becomes smaller than 3Rs. This effect further increases the estimate of Mx-The mass lower limit thus exceeds 3M®, even considering various systematic uncertainties, which provide strong evidence for the compact object of GRS 1009-45 being a black hole.
Although the result so far obtained is subject to several assumptions, the following comparison with the secure black-hole binaries also indicates a high value of Mx for GRS 1009-45. Here we make a single assumption that the structure of an optically-thick disk is essentially the same such that Rs/R m is constant regardless of the compact object mass and luminosity. Ignoring a weak dependence on \/cos i, this ratio is equivalent to Mx/nn with ri n given by equation (2), even if the general relativistic effects are taken into account. Note that the quantity r-m is directly related to the observed data, with least assumptions on the accretion disk emission. In fact, the constancy of r m against luminosity changes has been demonstrated for several black-hole binaries in the soft state (see Tanaka, Lewin 1995) . We then evaluate the ratio Mx/ri n of those black-hole binaries for which the dynamical estimate of Mx from optical observation and X-ray measurement of r m are both available.
For Cyg X-l, Dotani et al. (1997) obtained r in 7 0 km for a probable distance of D ~ 2.5 kpc. The dynamical mass of its compact-object has been estimated asM x~ 10-16 M® (Gies, Bolton 1986; Ninkov et al. 1987; Herrero et al. 1995) . These results give M x /r in ~ 0.14-0.23 M^knT 1 . For LMC X-3 at a distance of D ~ 50 kpc, r m ~ 24 km (Ebisawa 1991) and M x ~ 4.5-6.5 M m (Kuiper et al. 1988 ) have been obtained, yielding Mx/r-m ~ 0.19-0.27 Mgkm"
1 . For GS 2000+25 (D ~ 2.5 kpc), r in ~ 25 km (Takizawa 1991) and M x ~ 4.8-14.4 M® (Beekman et al. 1996) give M x /r-m ~ 0.19-0.58 M^km"
1 . Likewise, for GS 1124-68 (D ~ 3 kpc), r in ~ 30 km (Ebisawa et al. 1994) and M x ~ 4 -11M® (Shahbaz et al. 1997) give Mx/r ia 0 .13-0.37 M®kmT 1 . Thus, these examples consistently indicate M x /r ia ~ 0.13-0.58 M^kmT 1 . If we apply this empirical relation to GRS 1009-45 with r; n > 17.6 km for D > 1 kpc, we obtain M x > 2.3-10 M®. This result is consistent with that in equation (4). Incidentally, similar exercises for the X-ray binaries containing a neutron star all show r in < 10 km (see Yaqoob et al. 1993; Tanaka 1997) .
Based on these results, we conclude that the compact object in the GRS 1009-45 system is more massive than 3M®. Thus, it is most probably a black hole.
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Appendix. Correction Factor £
Here, we show a calculation of the correction factor £ used in equation (3) of the text. For simplicity, we assume the color temperature and the effective temperature Astronomical Society of Japan • Provided by the NASA Astrophysics Data System to be equal.
In the MCD approximation, [/3 = 0 in equation (1) By equating this expression with the expected disk bolo-. . . . . + , GM X M . metric luminosity of --, we obtain 2 /ti n This gives the £ factor in equation (3) in the text.
